We report on a compact, high-energy, cryogenically-cooled Yb:YAG bulk-amplifier delivering energies > 100 mJ at 200 Hz repetition rate with excellent beam quality and spectrum supporting 5-ps pulses. Laser systems delivering several hundreds of millijoules at high repetition rate with picosecond duration are in demand for a number of applications. For instance, simultaneous energy and repetition rate scaling of optical parametric chirped pulse amplifiers is strongly dependent on the development of such lasers. The next generation of tabletop X-ray sources of various kinds are strongly dependent on the progress of lasers with such parameters.
Laser systems delivering several hundreds of millijoules at high repetition rate with picosecond duration are in demand for a number of applications. For instance, simultaneous energy and repetition rate scaling of optical parametric chirped pulse amplifiers is strongly dependent on the development of such lasers. The next generation of tabletop X-ray sources of various kinds are strongly dependent on the progress of lasers with such parameters.
Among currently available technologies, diode pumped cryogenically cooled solid-state amplifiers have emerged as the most promising pathway to simultaneously achieve high energy (Joule level) and high average power (kHz range). Several architectures -bulk and disk geometry in particular -are competing contenders to achieve these parameters. Progress has recently been made in achieving Joule level energy pulses at 100 Hz repetition rate with 5 ps duration using a multi-stage, multi-gain media architecture [1] .
Here, we present a compact laser amplifier operating at 1030 nm wavelength delivering up to 115 mJ output energy at 200 Hz repetition rate, relying on mature cryogenically cooled bulk amplifier technology [2, 3] . In conjunction with the cryogenically cooled composite thin-disk technology pioneered by our group [4] , this approach holds great promise towards achieving Joule level pulses at high repetition rate.
Experimental setup and results
The amplifier is laid out in a standard four-pass, polarization switch configuration ( Fig. 1) to enable optimum extraction of the stored energy in the gain medium while mitigating the risks of peak intensity related damage. The seed pulses are derived from a home-built Yb:KYW regenerative amplifier tuned to deliver optical pulses with 4 mJ energy at 1 kHz repetition rate, temporally stretched to ~2.1 ns duration with an excellent, near fundamental mode beam quality [5] . Before entering the amplifier setup, the seed repetition rate is reduced from 1 kHz to 200 Hz using a KD*P Pockels cell operated at quarter-wave voltage in a double-pass configuration (Fig. 1) . The beam size is also adjusted in a standard two-lens telescope to ensure both optimum spatial overlap between pump and seed in the gain medium and collimation of the seed beam. The seed pulses are then injected into the four-pass amplifier through a home-built Faraday isolator consisting of two thin-film polarizers, a commercial Faraday rotator and a half-wave plate. The pulses are then directed towards the gain medium consisting of a 2.5-cm long, 1-at.% doped Yb:YAG crystal featuring a 3-mm thick undoped YAG cap. The crystal is thermally contacted to a liquid nitrogen cooled copper heat-sink. A quarter-wave plate and high-reflective mirror placed after the gain medium complete the amplifier layout. The pump power was provided by a fiber coupled laser diode module delivering up to 515 W in continuous mode at ~937 nm. The high power pump beam was carefully relay imaged through a dichroic mirror ( Fig. 1 ) to obtain a 2.2 mm diameter flat-top pump profile in the Yb:YAG crystal. In our experiment, the diode module was operated in pulsed regime at a 40% duty cycle. The overall dimensions of the system were less than 1.5x0.5 m². Note, that the optical spectrum of the seed pulses covers the 1026-1032 nm spectral range therefore largely exceeding the ~1 nm emission line of cryogenic Yb:YAG, resulting in an estimated in-band seeding of ~10%. The output of the amplifier was characterized spatially using a standard silicon CCD camera, monitoring both the near and far-field profile of the amplified beam. Temporal characterization was performed using a 12 GHz photodiode with a 4 GHz oscilloscope. Spectral characterization was performed using a fiber-coupled opticalspectrum analyzer with a 0.05 nm spectral resolution. The output energy was measured with a thermo-pile meter. Fig. 2 . a. Measured characteristics output energy versus pump peak power for a 2 ms pump duration at 200 Hz repetition rate -inset: spatial profile in near-field at maximum output energy; b. measured evolution of the spectral gain narrowing during the amplification vs pump power.
The amplifier delivered up to 115 mJ output energy at 200 Hz while maintaining an excellent spatial profile both in near and far field. The estimated gain for the in-band part of the spectrum was 300 after four passes. Owing to the excellent thermo-optical properties of cryogenically cooled Yb:YAG, we observed minor thermally induced effects at average pump powers as high as 200 W (500 W peak power at 200 Hz with 40% duty cycle), as illustrated by both the monotonic growth of output energy with increasing pump power (Fig. 2a) and the excellent spatial profile obtained at maximum output power in both near and far field ( Fig. 1 & 2.a -insets) . The seed pulses underwent drastic spectral narrowing during the amplification (Fig. 2b) experiencing a reduction of their FWHM bandwidth from 3.1 nm at no pump to 0.4 nm at full pump power. Correspondingly, the duration of the stretched pulses was monitored during amplification and showed a reduction from 2.1 ns at no pump to ~700 ps at full power. The transform-limited pulse duration of the amplified pulses is estimated to be 5 ps at full power.
Conclusion & future work
We have demonstrated a compact cryogenically cooled Yb:YAG amplifier featuring a single crystal and delivering up to 115 mJ output energy at 200 Hz repetition rate with bandwidth supporting 5 ps duration pulses. Owing to the excellent thermo-optical properties of YAG at cryogenic temperature, these pulses were delivered with a neardiffraction limited spatial intensity profile. Such a laser source is highly suitable for diverse applications ranging from OPCPA pumping to inverse Compton backscattering studies. Future work includes simultaneous scaling of the repetition rate towards the kHz regime and of the output energy towards the 1-J level using novel laser architectures [4] and compression of the pulses in a Martinez-type assembly matched to the CVBG stretcher [3] .
